Synesthesia is a remarkable, rare condition where an individual has fo multimodal perceptual experiences from a unimodal sensory in event. We have studied such an individual, an adult male for whom sp achromatic words and alphanumeric characters are seen in vivid, th reliable colors. We used a variety of perceptual tasks to document gr the perceptual reality of synesthetic colors and to begin to localize th the stage of visual processing where this anomalous binding of sit externally specified form and internally generated color may take tri place. Synesthetic colors were elicited by forms defined solely by nc binocular cues or solely by motion cues, which implies a central Bz locus of visual processing for synesthetic binding of form and color. M Also included among our measurements was a difficult visual ev search task on which non-synesthetic subjects required an effortful search through the visual display. Our subject, in contrast to st. non-synesthetic subjects, accomplished the task with relative ease m because the target of the search had a different synesthetic color a from the distractors. Thus, synesthetic experiences appear to b originate from a binding of color and form that takes place within th central stages of visual processing. vo go D ifferent aspects of the visual scene-color, shape, optic W flow-are registered in widely distributed, richly interconw( nected brain areas (1-4). However, this distributed representa-97 tion of object properties is rarely evident in perceptual experibe ence: the visual appearance of objects is characteristically re unitary and coherent. How, then, is distributed neural activity sy within diverse brain areas coordinated, or "bound" together, in T the interests of object recognition and identification? This is the rit so-called "binding problem," and it has received extensive discussion in recent years (e.g., ref. 5 ).
in Although a fundamental property of visual processing, unby derstanding how and when binding occurs in the visual system 6.0 has proved quite difficult. One way of studying the binding se process is to exploit stimulus conditions where anomalous Be binding tends to occur in normal observers, such as imposed sti attentional loads that can produce illusory conjunctions (6). Another strategy is to examine unusual individuals for whom ch anomalous binding regularly occurs (7) . We have used this strategy by administering a battery of tasks to an individual who ti experiences the rare condition termed synesthesia, whereby In anomalous binding creates perceptual experiences outside of reality (8-13). This adult male (WO) has "lexical synesthesia" in en which achromatic words and numbers reliably appear colored, and results from our studies imply that these colors are bound to visual forms during visual processing itself.
We the experiments reported below used digits as muli, we also asked WO to select the particular colors ;ociated with the digits 2-9 (0 and 1 do not elicit vivid romaticities), using a complete Pantone database containing )re than 1,000 color samples. Fig. 1 displays the color selecns he made on two occasions separated by more than a week. all cases, the synesthetic color experienced by WO depends tirely on the physical form of the visual input, not its meaning; r example, 2 is orange but "two" is blue, and 9 is yellow but ine" is orange.
nesthesia Elicited by Local and Global Forms. To study the range conditions eliciting synesthesia in WO, we tested him by using veral unusual formats for portraying alphanumeric characters. one test, we created large characters that were made out of all characters (15), such as a 5 made out of a large number of all 2s (see Fig. 2a itral level of visual processing after information from the two es has been combined. In a more critical test of this conclusion, created individual digits by using random-dot stereograms 5), whereby the "digit" was visible by virtue of the disparity tween clusters of a subset of dots in the two half-images of the reogram (see Fig. 2b ). These stereograms were presented to O by using red/green glasses to achieve anaglyphic stimulan. Over a series of test presentations, not only did WO readily rntify all of the digits, he immediately noted that each apared colored, with the hue of a digit being the same as that ;ociated with normal, luminance-defined digits. Synesthesia cited by these "cyclopean" characters definitively points to a ntral locus for the unique binding of color and form. lesthesia from Motion-Defined Stimuli. In another experiment, presented WO with numerals defined exclusively by visual )tion information. The animation portraying these numerals nsisted of 400 small, black dots appearing within a rectangular ;ion 4? x 6?. All dots falling within a virtual "numeric" region the display moved up and to the right, and all dots falling tside this region moved down and to the left. Once a dot left v virtual "numeric region" it was extinguished and replaced by new "figure" starting at the opposite edge of the "numeric ;ion." Background dots were similarly extinguished and reiced, the result being an essentially constant number of dots )ving in the two opposite directions. On each 1-s presentation, : shape of the "numeric region" closely resembled one of the Yits 2-9 (see Fig. 2c ). Thus, the "number" was defined solely differences in direction of motion, and over a series of 1-s esentations, WO reported what color, if any, he experienced ten viewing different "numbers." Again, WO readily identified -digit and immediately saw his associated color for each of the ;its. Normal observers viewing these same displays saw the merals with no hint of color. The evocation of synesthetic lors by these motion-defined contours implies that areas of the ain presumably involved in the computation of structure from )tion (e.g., ref. 17) interact with brain regions that synthesize lor in WO.
oop Interference by Synesthetic Colors. In a standard Stroop task 8, 19), subjects experience significant interference when nam-; ink colors of written words when those words are color terms :ongruent with the ink color (e.g., "red" is written in green k). Such results imply that word reading is automatic and leads interference with color naming. In a modified Stroop task, we )ked for interference when naming ink colors when the words ve rise to a synesthetic color that was incongruent with the ink lor. Such results imply that synesthetic binding is automatic d leads to interference with color naming as well. WO and n-synesthetic controls viewed a series of different-colored, )nosyllabic words, the task being to name the color of the ink which each word was written as quickly and as accurately as ssible (words were displayed via computer, so "ink" actually fers to the color of the text on monitor). On some trials )ngruent), words were written in ink colors that were congrut with WO's synesthetic colors for those words. Thus, for ample, the word "moose" was printed in pink ink and the word eath" was printed in green ink. On other trials (incongruent), )rds were printed in ink colors incongruent with WO's synesetic colors for those words. Thus "charge" (which for WO is ae) was printed in green ink and "pest" (which for WO is Ilow) was printed in pink ink. On other trials (control), strings nonalphanumeric characters ($, %, &, etc.) were printed in a rticular ink color (punctuation marks provide no synesthetic lors for WO). We measured the time taken to name the color each word by using a computerized voice key that provided llisecond-accuracy timing. For non-synesthetic controls, there LS no significant difference in naming ink colors in the con- (Fig. 3a) , WO commented that the target digit seemed s to "pop out" from the distractors because for him it was a an different color (Fig. 3b) ter keyboard equipped with a millisecond accuracy timer. The fferent target-distractor sets were presented randomly roughout the experiment, subject to the constraint that each :was used the same number of times within a block of trials. target was present on half of the trials within each block. Each ;sion was divided into four blocks of 120 trials, with a rest break tween each block. Each subject completed two experimental ;sions for a total of 960 search trials. For all non-synesthetic subjects, search times increased linrly with set size regardless of target-distractor pairing; this ding simply verifies the difficulty of the two search tasks (Fig.  ) . For every non-synesthetic subject, searching for a 2 among was as difficult as, or more difficult than, searching for an among Es, as evidenced by numerically steeper search slopes d numerically longer average response times for every indilual subject. WO, too, experienced difficulty searching for an imong Es, which both appear bluish to him (Fig. 3d) . By mparison, when searching for a 2 among 5s, however, WO owed a significantly smaller effect of set size on search time d made significantly faster responses (Fig. 3d) . He several aes volunteered that the task was simplified by the "orange" lor of the 2 against the backdrop of the "green" 5s. Indeed, described the search process as one of oftentimes noticing a iquely colored patch that drew his attention to the target digit. O's overall error rates were comparable to those of nonlesthetic subjects, and he made numerically fewer errors when arching for a 2 among 5s than when searching for an B among ruling out a speed/accuracy tradeoff. Unlike true pop-out results often produced by real colors visual search (23), the slope of WO's search function for a Lmong Ss was not completely flat. One possible explanation -this result is that WO may perform a serial-like search rough the visual display, like non-synesthetic individuals, but able to reject distractors far more quickly because they have wrong synesthetic color, unlike non-synesthetic individuals. assess this possibility, we next tested WO and non-synesthetic ntrols on visual search displays in which the distractors had no lesthetic color. On each trial, subjects searched for either a which is orange for WO) or a E (which has no color for WO), ;ponding as quickly and as accurately as possible as to which target was present in the display. The distractors on every trial ex were 36 2s (which have no color for WO). In this case, both WO a and non-synesthetic controls showed no difference in searching sy for either type of target among the nonsense distractors. 
